Both active and passive immunotherapy protocols decrease insoluble amyloid-ß42 (Aß42) peptide in animal models, suggesting potential therapeutic applications against the main pathological trigger in Alzheimer's disease (AD). However, recent clinical trials have reported no significant benefits from humanized anti-Aß42 antibodies. Engineered single-chain variable fragment antibodies (scFv) are much smaller and can easily penetrate the brain, but identifying the most effective scFvs in murine AD models is slow and costly. We show here that scFvs against the N-and C-terminus of Aß42 (scFv9 and scFV42.2, respectively) that decrease insoluble Aß42 in CRND mice are neuroprotective in Drosophila models of Aß42 and amyloid precursor protein neurotoxicity. Both scFv9 and scFv42.2 suppress eye toxicity, reduce cell death in brain neurons, protect the structural integrity of dendritic terminals in brain neurons and delay locomotor dysfunction. Additionally, we show for the first time that coexpression of both anti-Aß scFvs display synergistic neuroprotective activities, suggesting that combined therapies targeting distinct Aß42 epitopes can be more effective than targeting a single epitope. Overall, we demonstrate the feasibility of using Drosophila as a first step for characterizing neuroprotective anti-Aß scFvs in vivo and identifying scFv combinations with synergistic neuroprotective activities.
Introduction
Alzheimer's disease (AD) is the most prevalent neurodegenerative disorder and is characterized by the accumulation of the amyloid-ß1-42 (Aß42) peptide in plaques, hyperphosphorylated tau in neurofibrillary tangles and prominent neuronal loss in hippocampus and cortex (1) . As posited by the amyloid cascade hypothesis, genetic evidence points to the accumulation of Aß42 as the triggering event in AD (2) . The Aß42 peptide is generated following the sequential cleavage of the amyloid precursor protein (APP) by ß-secretase (BACE1) in the extracellular side and the γ-secretase complex inside the membrane. Familial forms of AD are linked to point mutations in APP and Presenilin1 and 2, key γ-secretase components, all of which favor the production of Aß42 peptide, thus supporting the triggering role of Aß42 in AD. Originally, the amyloid cascade hypothesis proposed that insoluble Aß42 present in highly organized amyloid fibers was the neurotoxic agent in AD, but this hypothesis was modified to include pre-amyloid assemblies such as oligomers and protofibrils, as these have shown to be more toxic in some experimental settings (3, 4) . However, both soluble and insoluble Aß42 assemblies may contribute to disease in the complex environment of the human brain; thus, neutralizing the toxicity of these different structures remains an unmet challenge in the field.
Despite tremendous advances in our understanding of AD pathogenesis, this knowledge has not yet led to the development of disease-modifying therapies. Over the last 15 years, different immunotherapy protocols have demonstrated reduction of insoluble Aß in the brain of animal models of AD (5, 6) . The promise of these strategies led to both active and passive immunotherapy trials in human patients. Active immunotherapy with aggregated Aß42 and adjuvant was halted after 6% of the patients developed meningoencephalitis (7, 8) . Efficacy data are not yet available on several ongoing active vaccination trials with novel Aβ vaccines designed to minimize harmful T-cell response (9) . An alternative to prevent the uncontrolled immune response to Aß is the direct administration of humanized anti-Aß antibodies ( passive immunotherapy). Antibody treatments reduced Aß deposition in the brain but in some cases have led to side effects including vasogenic edema (ARIA-E) and small hemorrhage (ARIA-H) (10, 11) . Despite superb preclinical data supporting efficacy in animal models, the humanized anti-Aß antibodies bapineuzumab (N-terminal) and solanezumab (central domain) did not show significant efficacy in large phase III trials (12, 13) . However, many researchers still believe that these or other anti-Aß antibodies may show clinical utility if administered in preclinical stages of AD. Looking ahead, the lack of rapid assays to compare the efficacy of anti-Aß antibodies and the relatively low brain penetration of peripherally administered antibodies present challenges for the development and testing of optimized Aß immunotherapies (9) .
Antibody engineering is an alternative approach to increase brain penetration while limiting the deleterious effects of an uncontrolled immune response (14) . Single-chain variable fragment (scFv) antibodies consist of the variable regions of the heavy and light chains fused into a small gene by a short linker. These antibodies can be purified and injected peripherally or introduced in viral vectors for persistent expression, providing increased flexibility for their administration compared with full antibodies. Owing to their small size (∼30 kDa), scFvs penetrate the brain more efficiently while preserving the epitope specificity of the parent antibodies. Many anti-Aß scFvs have been derived from full monoclonal antibodies or from phage and synthetic scFv libraries (15) (16) (17) (18) . Intracellular antibody capture technology provides a physiological environment for recognizing scFvs that bind oligomeric Aß (19) . Despite the success in the isolation of scFvs that prevent Aß42 aggregation and toxicity in vitro, their effectiveness in animal models is critical to evaluate their therapeutic potential. We and others have previously shown efficacy of several anti-Aß scFv directly expressed in the brain of APP transgenic mice (18, 20, 21) and in the triple transgenic AD mouse (22, 23) . Other recent developments include less invasive alternatives for chronic therapeutics in humans, such as direct intranasal administration of scFvs and intramuscular injection of adeno-associated virus (AAV) (17, (24) (25) (26) , all of which support the potential of scFv as therapeutic agents against AD.
The main limitations of the current approach for optimizing passive anti-Aß immunotherapies in mice are the time and cost of testing in APP mouse models, and the lack of consistent assays enabling comparative efficacy studies. To explore alternative systems, we have utilized Aß42 transgenic Drosophila as a platform for in vivo selection of neuroprotective anti-Aß scFvs in a phenotypic model of AD. We combined transgenic flies expressing secreted human Aß42 (27) or APP carrying the Swedish mutation (APPswe) together with the previously described scFv9 (anti-Aß1-16) and scFv42.2 (anti-Aßx-42) (18) , all under the control of UAS regulatory sequence. Both anti-Aß scFvs rescued partially the eye phenotype, reduced cell death, protected the architecture of the dendritic terminals in brain neurons and delayed the dysfunction of locomotor neurons. Moreover, the combination of both scFvs demonstrated synergistic protective activity, suggesting a new therapeutic use of anti-Aß antibodies. Interestingly, the scFvs exerted their protective activity without affecting the level of total Aß42. These observations suggest that binding of the anti-Aß scFvs to Aß42 was sufficient to reduce neurotoxicity, perhaps by masking its neurotoxic epitopes. Overall, the neuroprotective activity of anti-Aß scFvs in Drosophila supports the use of fruit flies for efficient in vivo screening of new recombinant anti-Aß antibodies with improved neuroprotective activity.
Results
Two anti-Aß scFvs independently and synergistically suppress Aß42 neurotoxicity in the eye
To examine the ability of anti-Aß scFvs to suppress the neurotoxicity of human Aß42, we introduced two previously characterized scFvs in a flexible, phenotypic model of Aß42 neurotoxicity: Drosophila. For this, we subcloned scFv9 and scFv42. 2 (18) into the Drosophila expression vector pUASTv2 and generated transgenic flies to examine their ability to suppress Aß42 neurotoxicity in several assays. Flies co-expressing Aß42 and the reporter LacZ display small, glassy, depigmented eyes compared with flies only expressing LacZ (Fig. 1A and B) . At higher magnification, the eye lattice is highly disorganized, ommatidia are fused, and the lenses show holes owing to late cell death ( Fig. 1G and H) . Co-expression of Aß42 with scFv9 or scFv42.2 partially rescues the Aß42 phenotype, with larger eyes and improved pigmentation ( Fig. 1C and D) . The eyes of these flies are better organized, with fewer fused ommatidia, and better differentiation of lenses with fewer broken lenses ( Fig. 1I and J) . As controls for the specificity of these scFvs, we generated flies expressing scFv40, an antibody that specifically recognizes Aß40, but not Aß42. Coexpression of Aß42 and scFv40 results in disorganized eyes with necrotic spots similar to the eyes of control flies co-expressing LacZ (Supplementary Material, Fig. S1A-C) . As expected, the anti-Aß scFvs alone had no effect on eye formation (data not shown).
The preliminary observations in the eye suggest that scFv42.2 is more protective than scFv9, whereas scFv40 is not protective. We next evaluated the relative expression of the three scFvs in fly homogenates by western blot with an antibody against a common myc epitope in the C-terminal. We found that scFv9 was weaker than scFv40 and scFv42.2 (Supplementary Material, Fig. S1D ). As scFv9 rescues the eye phenotype with weaker expression than scFv40, this result demonstrates the substrate specificity of the antibodies. To compare the protective activity of scFv9 and scFv42.2 at comparable expression levels, we generated flies expressing two copies of scFv9. These flies robustly suppressed Aß42 toxicity, resulting in larger and better-organized eyes with no necrotic spots and fewer ruptured lenses ( Fig. 1E and K). This robust protection is consistent with previous findings that the N-terminal antibodies are more effective than antibodies against the central and C-terminal domains (14, 18) .
As scFv9 and scFv42.2 bind different Aß42 epitopes, it is reasonable to assume that the combination of both antibodies will exert a stronger protective activity than each antibody individually. To test this idea, we combined the two anti-Aß scFvs and coexpressed them with Aß42 in the eye. These flies exhibit larger eyes with improved organization and pigmentation ( Fig. 1F and L). This result suggests that these small antibodies do not compete for binding to Aß42 and that they can work together to neutralize Aß42 neurotoxicity. Thus, the combination of anti-Aß scFvs demonstrated a synergistic protective activity against Aß42.
Anti-Aß scFvs suppress APP neurotoxicity in the eye
We next examined the ability of scFv9 or scFv42.2 to suppress neurotoxicity in a more physiological Drosophila model of Aß42 production and deposition. Flies expressing human APP and BACE1 can produce Aß42 by utilizing the endogenous γ-secretase activity of Drosophila (28) . To determine the protective activity of anti-Aß scFvs against Aß42 derived from human APP, we coexpressed human APP carrying the Swedish mutation (APPswe) and BACE1 in the eye, which results in small and disorganized eyes compared with control LacZ eyes ( Fig. 2A and B) . At higher magnification, these eyes contain fused ommatidia, abnormally differentiated lenses and hairs, and broken lenses (Fig. 2F , G, K and L), phenotypes similar to those induced by Aß42 misexpression, albeit weaker (see Fig. 1 ). Flies co-expressing APPswe BACE1 and scFv9 exhibit larger and better-organized eyes ( Fig. 2C and H ) with fewer ommatidia fusions and no broken lenses (Fig. 2M) . Co-expression of APPswe BACE1 and scFv42.2 further rescues eye disorganization ( Fig. 2D and I) , with better differentiation and organization of ommatidia (Fig. 2N ), but the eyes are still small compared with LacZ alone. Finally, the combination of both anti-Aß scFvs with APPswe BACE1 achieve the best suppression, rescuing the size and the organization of the eye as well as the differentiation of the lenses with no necrotic spots (Fig. 2E, J and O) . In all, these results support the protective activity of scFv9 and scFv42.2 and their synergistic action against APP neurotoxicity in the Drosophila eye, indicating that the anti-Aß scFvs can properly recognize the Aß42 epitopes form two different sources, secreted Aß42 or physiologically cleaved APP.
Anti-Aß scFvs are secreted in Drosophila
To verify that the scFvs are properly processed and secreted in Drosophila, we transfected S2R+ cells with vectors containing scFv9 or scFv42.2 under the control of UAS together with ActinGal4 to induce their expression. Then, we determined the presence of the scFvs in the medium by western blot. Both scFvs are properly processed because they accumulate robustly in the medium (Fig. 3A) . Using the same conditions, we verified that S2 cells efficiently secrete Aß42, which we detected in the culture medium (Fig. 3B) . The loading control on top shows the expression of tubulin in the cell lysates from the same cultures ( Fig. 3A and B) .
We took advantage of the large size of S2 cells compared with the Drosophila brain neurons to document the intracellular distribution of both scFvs and Aß42. Both scFv9 (Fig. 3C-E ) and scFv42.2 ( Fig. 3F-H ) accumulate at high levels in the ER and secretory vesicles, where they co-localize with Aß42. Thus, the distribution of the three proteins is consistent with working signal peptides in each construct and with the efficient processing and secretion of the mature proteins.
Anti-Aß scFvs co-localize with Aß42 in Drosophila brain neurons
We next examined the distribution of the anti-Aß scFvs and Aß42 by immunofluorescence by detecting the myc tag of the scFvs. For these experiments, we expressed Aß42 and the scFvs on a small cluster of local interneurons of the antennal lobe under the control of the OK107-Gal4 line. Co-expression of Aß42 and CD8-GFP allows detection of Aß42 in the membrane of the brain interneurons (Fig. 4A) . Co-expression of Aß42 and either scFv9 or scFv42.2 demonstrates the co-localization of Aß42 with both antibodies (Fig. 4B and C) . However, co-expression of the anti-Aß scFvs has no overt effect on Aß42 accumulation and distribution ( Fig. 4B and C) . Co-expression of both anti-Aß scFvs together also demonstrates robust co-localization with no effect on Aß42 distribution (Fig. 4D ). This distribution is consistent with the efficient secretion of both scFvs and Aß42 described in Figure 3 . Both anti-Aß scFvs bind Aß42 in mammalian systems (18) . To verify that the antibodies bind Aß42 in fly brains, we performed co-immunoprecipitation from Drosophila head homogenates. A control lane lacking Drosophila extract, flies expressing LacZ or flies expressing Aß42 and LacZ showed only non-specific bands following capture with anti-myc antibody (Fig. 4E ). Only the extracts from flies co-expressing Aß42 with scFv9 or scFv42.2 produced a specific band following capture with anti-myc at around 4 kDa corresponding to Aß42 (Fig. 4E ). The scFv42.2 captured higher amounts of Aß42 because it is expressed at higher levels than scFv9, as confirmed by the input (Fig. 4E ). We also show that the reverse immunoprecipitation produces the same results (Supplementary material, Fig. S2 ). When the 4G8 anti-Aß42 antibody was bound to beads, control flies expressing LacZ alone or Aß42 with LacZ showed only non-specific bands. However, flies co-expressing Aß42 with scFv9 or scFv42.2 produced immunoreactivity at around 28 kDa. Again, flies expressing scFv42.2 showed the stronger signal owing to the higher expression of this scFv. These studies demonstrate the effective target engagement of the anti-Aß scFvs in Drosophila.
Anti-Aß scFvs protect neuronal architecture against Aß42 neurotoxicity
We next assessed the possible protective activity of the anti-Aß scFvs in brain neurons. For this, we took advantage of the robust anatomy of the mushroom bodies, the memory and learning center of Drosophila (Fig. 4A) (29) . The Kenyon cells, the small mushroom body neurons in the posterior brain, form two tight clusters of 2500 neurons each that project their dendrites below the cortex into dense synaptic areas-the calyces. Their axons project through the calyces toward the anterior brain, where they branch into dorsal (α, α') and medial (β, β', γ) lobes ( Fig. 4A) (30) . Co-expression of LacZ and CD8-GFP had no effect on the development of the mushroom bodies, resulting in robust calyces and axonal lobes ( Fig. 4A and C) . However, co-expression of Aß42 and LacZ resulted in thinner axonal projections ( Fig. 4A and C) . Co-expression of Aß42 and scFv9 also produced thinner axonal projections, similar to the control Aß42/LacZ ( Fig. 4A and C) . Co-expression of Aß42 and scFv42.2 partially rescued the size of the mushroom body lobes, which were not significantly different from either LacZ or Aß42/LacZ ( Fig. 4A and C) . Finally, coexpression of Aß42 and both anti-Aß scFvs produced dorsal and medial lobes that were slightly larger than in control flies ( Fig. 4A and C) . As expected, the expression of the anti-Aß scFvs alone did not cause obvious problems during mushroom body differentiation (not shown). As the expression of Aß42 perturbs the development of the mushroom body axons, we did not study the ability of anti-Aß scFvs to prevent the progressive degeneration of these structures.
In contrast to the axonal terminals, flies co-expressing Aß42 with either LacZoranti-Aß scFvsexhibited slightly largercalycalvolumes than control flies at Day 1 ( Fig. 4B and D) . Thus, we selected these compact dendritic structures to evaluate the progressive Aß42-dependent degeneration of brain neurons. In flies expressing only LacZ, the calycal volume expanded over time, 33% by Day 20 and 53% by Day 40 ( Fig. 4B and D) . In contrast, co-expression of Aß42 and LacZ resulted in 25% loss of calycal volume by Day 20 and 60% by Day 40 compared with control flies (Fig. 4B and D) . As these dendritic fields appeared to be highly sensitive to the progressive toxicity of Aß42, we examined the ability of the anti-Aß scFvsto rescue the degeneration of the calyces. Co-expression of Aß42 and scFv9 resulted in 15% larger calyces at Day 1 and 35% larger calyces at Day 20 compared with Aß42/LacZ ( Fig. 4B and D) , indicating its protective activity in younger flies. However, in flies aged for 40 days, scFv9 demonstrated no protective activity against Aß42-dependent loss of calycal dendrites ( Fig. 4B and D) . Interestingly, co-expression of Aß42 and scFv42.2 resulted in larger calyces at all stagesthanAß42/LacZ, with a 15%larger volume at Day 1, 35% larger by Day 20 and 42% larger volume at Day 40 ( Fig. 4B and D) . Thus, scFv42.2 demonstrated a more robust protective activity than scFv9 in brain neurons, consistent with its higher expression level. Finally, co-expression of Aß42 with both anti-Aß scFvs resulted in 19% larger calycal volume at Day 1, 52% larger volume at Day 20 and 35% larger volume at Day 40 compared with Aß42/LacZ ( Fig. 4B and D) . Although the combination of anti-Aß scFvs boosted the protection of the calyces up to Day 20, the protection by Day 40 was comparable with that of scFv42.2 alone, suggesting that high expression is critical for continued protection in older flies.
Anti-Aß scFvs delay the progressive locomotor dysfunction induced by Aß42
To determine the functional benefits of the anti-Aß scFvs, we analyzed the locomotor performance of adult flies as a surrogate assay for Aß42 neurotoxicity. For this, we expressed LacZ alone or Aß42 together with LacZ or the anti-Aß scFvs pan-neurally using the Elav-Gal4 driver and examined the ability of flies to walk vertically. A blinded assessment of all the genotypes at Day 12 revealed one group with reduced climbing ability that was subsequently identified as the positive control Aß42/LacZ (Fig. 5A) . The other groups, including the negative control LacZ and all the combinations of Aß42 with anti-Aß scFvs, appeared to climb better than the Aß42 controls (Fig. 5A) . The longitudinal analysis of the locomotor activity of these flies confirmed this initial observation, with the Aß42/LacZ flies reaching 50% climbing index by Day 5 and total loss of climbing by Day 15 (Fig. 5B, red  lines) . Then, flies co-expressing Aß42 and scFv9 (yellow lines) or co-expressing both anti-Aß scFvs (blue lines) reached 50% climbing index by Day 12, same as LacZ control flies (green lines) (Fig. 5B) . Interestingly, flies co-expressing Aß42 and Human with its higher expression levels. Three negative controls produced non-specific signal from antibody fragments released from the column. On the right, we show the input for the co-IP immunoblotted against anti-myc. As expected, the levels of scFv42.2 are several times higher than those of scFv9. scFv42.2 (black lines) continued to climb for several more days, reaching 50% climbing by Day 16 (Fig. 5B) . Overall, these observations support the physiological benefits of the anti-Aß scFvs in flies expressing Aß42.
Anti-Aβ scFvs suppress neuronal loss in the brain but do not reduce Aß42 accumulation
As both anti-Aß scFvs preserved the dendritic projections of the mushroom bodies for at least 20 days, we examined the ability of the scFvs to prevent Aß42-induced cell death in brain neurons. We expressed Aß42 with and without anti-Aß scFvs in mushroom body neurons, aged them for 20 days, and performed TUNEL to detect dying neurons. Control flies expressing LacZ alone showed no TUNEL-positive neurons in the Kenyon cell clusters, supporting the robustness of this key brain complex ( Fig. 6A and I) . In contrast, flies co-expressing Aß42 and LacZ accumulated >20 apoptotic cells per Kenyon cell cluster (Fig. 6B and  I ), demonstrating that Aß42 induces prominent neuronal cell death. Flies co-expressing Aß42 and either scFv9 or scFv42.2 accumulated an average of five apoptotic cells per Kenyon cell cluster (Fig. 6C, D and I ), supporting their protective activity. In flies co-expressing Aß42 and both scFv9 and scFv42.2, the number of apoptotic cells per cluster was similar to the expression of shown as averages and standard deviation of the media. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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As the anti-Aß scFvs interact physically with Aß42 in mice and reduce Aß42 neurotoxicity in Drosophila, we asked whether the anti-Aß scFvs reduced Aß42 aggregation. To test this, we first stained Drosophila brains with thioflavin-S, a compound that intercalates into amyloid fibers and emits green fluorescence. Control flies expressing LacZ in the mushroom bodies revealed no localized fluorescence in Kenyon cells (Fig. 6F and J) . In contrast, flies expressing Aß42 and LacZ accumulated intense fluorescence in the Kenyon cell clusters (Fig. 6G, K and H). Co-expression of Aß42 with scFv9 resulted in slightly increased fluorescent signal, but the change was not significant compared with control Aß42/LacZ (Fig. 6L and H) . However, co-expression of Aß42 with scFv42.2 resulted in a significant increase in thioflavin-S signal ( Fig. 6M and H) . Finally, the combination of both anti-Aß scFvs had no effect on thioflavin-S intensity, reversing the effect of scFv42.2 ( Fig. 6N and H) . Although thioflavin-S is useful for qualitative studies and may not be sensitive to subtle changes in fibril formation, these results indicate that the direct binding of anti-Aß scFvs to Aß42 does not reduce Aß42 fibrillogenesis as described in rodent models of AD. 
Accumulation of thioflavin-S in the Drosophila brain. Control flies expressing LacZ in the Kenyon cells (arrows) show no fluorescent signal (F and J). Flies co-expressing
Aß42 and LacZ show strong and specific fluorescence (G and K). Co-expression of Aß42 and scFv9, scFv42.2 or both shows no effect on the thioflavin-S signal (L-N). (H) Quantification of the fluorescent signal from thioflavin-S shows significant increase in intensity in flies co-expressing Aß42 and scFv42.2. **P < 0.01; ****P < 0.0001.
Anti-Aß scFvs do not reduce steady-state Aß42 levels
The expression of scFv9 and scFv42.2 in CRND8 mice reduced the levels of total Aß42 and insoluble Aß42. To determine the mechanism mediating the neuroprotection of anti-Aß scFvs in flies, we generated flies expressing Aß42 in the mushroom body neurons and detected Aß42 in western blot. In flies co-expressing Aß42 and scFv9 or both anti-Aß scFvs, we detected no significant changes in Aß42 levels. But we found a small increase in the level of Aß42 in flies co-expressing scFv42.2, consistent with the higher thioflavin-S intensity, that was not significant (P = 0.08) (Fig. 7A) . ELISA is a more sensitive and quantitative method for protein analysis. We used the same flies to generate homogenates for detection of total Aß42 by ELISA at Days 1 and 20. In total Aß42 extracts at Day 1, we found small but significant reductions Aß42 in flies co-expressing scFv9 and scFv9+scFv42.2, but no differences in flies expressing scFv42.2 (Fig. 7B) . In flies aged 20 days, all the anti-Aß scFv combinations increased the levels of total Aß42, but only scFv42.2 and scFv9+42.2 were significant.
To further determine whether the anti-Aß scFvs cause a shift in Aß42 aggregation, we also examined the SDS-soluble fraction of Aß42, which is proposed by some to contain the most toxic Aß42 aggregates. We only found a weak but significant increase in Aß42 in flies co-expressing scFv9 (Fig. 7C) . No other significant changes were detected at either Day 1 or 20 (Fig. 7C) . Hence, the most relevant findings of these analyses of Aß42 are that anti-Aß scFvs demonstrate protective activity without promoting Aß42 clearance, suggesting that the direct binding of anti-Aß scFvs is sufficient to block Aß42 neurotoxicity. These results are relevant because in murine models of AD, both full and engineered antibodies decrease the levels of Aß42 (5, 18) . But in Drosophila, the anti-Aß scFvs exert their neuroprotective activity without inducing a significant reduction of Aß42.
Discussion
ScFvs are a class of engineered antibodies with promising applications for AD immunotherapy. Many anti-Aß scFvs prevent Aß42 aggregation and reduce its neurotoxicity in vitro (14) . Some anti-Aß scFvs also show benefits in mouse models of AD either by direct administration in the brain, nose or muscle (14) or by AAV-mediated expression in brain or muscle (18, 22) . These approaches report reduction of Aß deposition in the brain, supporting the amyloid attenuating effects observed with complete antibodies. Although anti-Aß scFvs have shown promising results in mouse models of AD, these are expensive and timeconsuming experiments that mainly focus on Aß burden one scFv at a time. Furthermore, the physiological benefits of the anti-Aß scFvs are unclear because most AD mouse models overexpressing wild-type or mutant APP show no overt neurodegeneration. Thus, a new platform enabling efficient in vivo preliminary screening of the neuroprotective activity of new scFvs may be needed. Here, we demonstrate the feasibility of testing the neuroprotective activity of anti-Aß scFvs in Drosophila. As proof-of-principle, we used two scFvs known to reduce Aß42 burden in CRND8 mice (18) and show compelling evidence of their neuroprotective activity in several assays. ScFvs were expressed in flies previously, although modified for intracellular retention against Huntingtin (intrabodies) (31) . A camelid heavy-chain antibody against oligomeric Aß was also tested recently in flies with the surprising result that it promoted the toxicity of Aß40 (32) . We report here the first time that scFvs are expressed in flies with their original signal peptide, allowing them to interact with secreted Aß42. ScFv9 and scFv42.2 are properly secreted and folded in Drosophila based on their ability to suppress Aß42 and APP neurotoxicity. Overall, the results presented here support the use of Drosophila as a platform for screening multiple anti-Aß scFvs in the same experimental conditions to find the most effective in neurotoxicity assays.
In the original report, expression of scFv9 and scFv42.2 in CRND8 mice by somatic brain transgenesis showed significant reduction of insoluble Aß42 in brain homogenates and fewer amyloid plaques by histological analysis (18) . But, the neuroprotective activity of the anti-Aß scFvs could not be determined at the time because APP mice do not show overt neurodegeneration. We demonstrate here that both scFv9 and scFv42.2 prevent neuronal loss, protect the structural integrity of the eye and the dendritic fields of mushroom body neurons and increase the activity of motor neurons. Although the protective activity of scFv42.2 was stronger than scFv9 in both the mushroom bodies and the locomotor assay, this difference may be attributed to its higher expression level. In fact, two copies of scFv9 showed robust rescue of the eye phenotype, supporting the superior performance of N-terminal antibodies described in other models (14, 18) . Future efforts will take advantage of a common docking site (attP) (33) to ensure similar expression levels, enabling the direct comparison of the relative effectiveness of anti-Aß scFv.
The flexibility of Drosophila genetics allowed us to combine both anti-Aß scFvs and determine that they exert synergistic neuroprotective activities. The combined anti-Aß scFvs drastically improve eye organization and protect axonal and dendritic terminals in the mushroom body neurons. This is the first time that two scFvs have been used in combination in vivo, revealing a novel application for full antibodies or antibody fragments. N-terminal antibodies (e.g. scFv9) are known to bind soluble and insoluble forms of Aß42 because this domain is always exposed (14) . Central and C-terminal antibodies (e.g. scFv42.2) can mostly bind monomeric Aß42, but their mechanism of action is not well understood. It is possible that N-and C-terminal anti-Aß antibodies act by different mechanisms, thus explaining the advantages of combining them. These observations suggest that treatments based on combinations of antibodies against different epitopes may provide significant benefits by exploiting their advantages and minimizing their limitations. As the challenges for delivering AD immunotherapy and reducing negative events have been known for the last 15 years, introducing two antibodies represents a minor modification to the current procedures with potential advantages.
The benefits of anti-Aß antibodies are explained by at least three non-exclusive hypotheses. The 'peripheral sink' hypothesis poses that antibodies sequester circulating Aß42 in the serum, thus increasing efflux from the brain and reducing Aß42 load in the brain, but subsequent studies have largely excluded this as a primarily mechanism of action (34) . A second hypothesis suggests that Aß42 clearance is mediated by the activation of the immune response, particularly activated microglia and Fc-mediated phagocytosis. The third hypothesis proposes that anti-Aß scFvs directly prevent Aß42 aggregation and/or promote Aß42 disaggregation (5) . Our experiments in Drosophila demonstrate the neuroprotective activity of two anti-Aß scFvs in animals lacking an adaptive immune response. This simplified experimental set-up indicates that anti-Aß scFvs are neuroprotective without implicating the first two mechanisms. Therefore, the direct binding of anti-Aß scFvs to Aß42 is the only mechanism that can explain their protective activity in Drosophila. According to some authors, optimal anti-Aß antibodies should remove soluble and insoluble Aß42 without increasing the levels of highly toxic, oligomeric Aß42 (35) 
anti-Aß scFvs can be protective without clearing or disaggregating Aß42. Here, we propose an alternative mechanism, 'Aß42 masking', similar to the action of chaperones on misfolded substrates: binding of anti-Aß scFvs to Aß42 masks neurotoxic epitopes and prevents the interaction of Aß42 with cellular substrates, including neuronal membranes and synaptic proteins. According to this mechanism, the most effective anti-Aß antibodies would be those that stably bind Aß42 monomers, oligomers and other assemblies and mask their neurotoxicity.
Although we cannot discount the beneficial effect of the immune system on Aß42 clearance in rodent models and humans, there seems to be serious risks associated with the stimulation of the cellular response (5). Hence, engineered antibodies that avoid the immune response such as scFvs seem promising alternatives to full antibodies. New anti-Aß scFvs against linear or conformational epitopes can be efficiently selected in flies based on their neuroprotective activity and, then, modified to increase their brain penetration in mice or humans by adding targeting sequences (6). More complex approaches can include the dual targeting of Aß and tau, the two triggers of neurotoxicity in AD, following the same principle of binding and masking. Thus, changing the way we think about the role of aggregates in the toxicity of amyloids may contribute to the development of more efficient therapies for AD and other incurable proteinopathies.
Materials and Methods

Generation of constructs
The cDNAs encoding the IgK secretory signal fused to scFv9, scFv42.2 and scFv40 carrying c-myc and 6xHis tags (18) were released from pSecTag2B (Invitrogen) with PmeI and NheI. Then, these inserts were subcloned into a modified pUASTv2 vector (36) containing PmeI and NheI sites in the polylinker between NotI and EcoRI. The resulting clones were sequenced to confirm integrity of the ORFs and identified as pUASTv2-scFv9-myc-his, pUASTv2-scFv42.2-myc-his and pUASTv2-scFv40-myc-his.
Transgenic flies and Drosophila genetics
The constructs pUASv2-scFv9-myc-his, pUASTv2-scFv42.2-mychis and pUASTv2-scFv40-myc-his were injected into yw embryos at Rainbow Transgenics following standard procedures (37) to generate multiple independent transgenic lines. The flies expressing two independent copies of Aß42 under the control of UAS were described previously (27) . The flies carrying human APPswe BACE1 under the control of UAS were obtained from Vitruvian, Inc. and kindly provided by Mathew Mahoney. The driver strains OK107-Gal4 (mushroom bodies), gmr-Gal4 (all eye cells) and ElavGal4 ( pan-neural), and the reporters UAS-LacZ and UAS-CD8-GFP were obtained from the Bloomington Drosophila Stock Center. Flies were maintained on standard Drosophila medium at 25°C. For experiments, homozygous females for the Gal4 strains were crossed with UAS males to generate progeny expressing Aβ42 in the desired tissue. All crosses were initially placed at 25°C for 2 days, progeny was raised at specified temperature depending on the assay and the adults were aged at the same temperature. All assays were performed using females.
External eye structure
We crossed gmr-Gal4: Aß42 females with LacZ, scFv9, scFv42.2 and scFv9+scFv42.2 (scFv9+42.2) males at 28°C and collected 1-to 2-day-old females. To image fresh eyes, we froze the flies at −20°C and collected eye images as Z-stacks with a Leica Z16 APO using a 2× Plan-Apo objective. Flattened in-focus images were produced with the Montage Multifocus module of the Leica Application Software. For scanning electron microscopy (SEM), flies were serially dehydrated in ethanol, air-dried in hexamethyldisilazane (Electron Microscope Sciences) and metalcoated for observation in a Jeol 1500 SEM.
Drosophila S2R+ cell culture, secreted proteins and immunofluorescence Drosophila S2R + cells were maintained in Schneider media at 26°C
as described (38) . To assess the expression and distribution of scFv and Aß42, pUASv2-scFv9-myc-his, pUASTv2-scFv42.2-myc-his and pUAS-Aß42 were co-transfected with a vector expressing Gal4 under control of the Drosophila Actin 5C promoter. Briefly, 4 × 10 5 cells were co-transfected in duplicate with 200 ng of pAC-Gal4 (Addgene) and scFv or Aß42 vectors in 24-well plates using the Qiagen Effectene Kit (Qiagen). Forty-eight hours later, we collected and precipitated the culture media (supernatant) and the cells (cell lysate) for western blot analysis following the procedures described later. We performed immunostaining using mab 3.1.1. anti-Aß42 (1:500) and chicken anti-myc (1: 250) antibodies.
Brain immunofluorescence
For co-localization studies, we co-expressed Aß42 with scFv9 and scFv42.2 in adult mushroom bodies with OK107-Gal4, fixed brains at Day 1 and incubated with chicken anti-myc (1:250, Sigma) and anti-Aß42 4G8 (1:150, Covance) antibodies. Whole-mount immunofluorescence of adult brain interneurons (63× objective) and larval eye discs (20× and 40× objectives) was conducted by fixing in 4% formaldehyde, washing with PBT and blocking with 3% bovine serum albumin. The secondary antibodies antimouse-Cy3 (Molecular Probes) and anti-chicken-FITC (Sigma) were used at 1:600. Final mounting of tissues was done on Vectashield antifade (Vector).
TUNEL staining
To document cell death, we used the TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) assay with fluorescein (Roche). We generated flies expressing LacZ alone or Aß42 together with LacZ, scFv9, scFv42.2 or scFv9+42.2 under the control of OK107-Gal4 at 27°C and aged them for 20 days. Once we fixed the whole brains, we followed the manufacturer's recommendations with a few changes to optimize penetration and signal in whole-mount samples. We permeabilized in 100 m sodium citrate for 45 min at 65°C, washed, pre-incubated in 45 µl with 50% label solution for 30 min at 37°C, added 5 µl of enzyme, incubated for 3 h at 37°C, washed thoroughly and mounted in Vectashield. The Kenyon cell clusters were imaged as z-stacks with the 40× objective, and TUNEL-positive cells were manually counted from flattened stacks and entered in Excel to generate the graphs. Means were analyzed in GraphPad Prism using a one-way ANOVA with Tukey's multiple comparison.
Thioflavin-S staining
We generated flies expressing LacZ alone or Aß42 together with LacZ, scFv9, scFv42.2 or scFv9+42.2 under the control of OK107-Gal4 at 25°C. We fixed 1-day-old brains and incubated them with a 0.03% solution of freshly prepared and filtered thioflavin-S (Sigma) in 50% ethanol/PBS for 10 min, washed, mounted in Vectashield and imaged as a z-stack with the 40× objective.
Thioflavin-S intensity was calculated from single-plane images containing the maximum area of Kenyon cells, the areas were outlined manually, the total intensity and area were calculated in Photoshop and the average intensity per square micrometer was calculated from those parameters. At least 10 images were analyzed per genotype, and the differences between the positive control (Aß42; LacZ) and the scFv constructs were determined by t-test.
Mushroom body degeneration
We crossed OK107-Gal4; CD8-GFP flies with LacZ alone (negative control) or with Aß42 together with LacZ, scFv9, scFv42.2 or scFv9 +42.2 at 27°C. Adult flies were collected at Day 1 post-eclosion followed by aging for up to 40 days. We then imaged GFP-labeled mushroom bodies at Days 1, 20, 30 and 40 by dissecting, fixing and mounting the brains as described earlier.
To quantify the surface of mushroom body axonal lobes, we imaged them as z-stacks with the 40× objective, flattened the Z-stacks and manually selected the maximum area from at least 10 images. To quantify the volume of the calyces, we collected Z-stacks with a 0.7-µm step using the 40× objective for 12 or more mushroom bodies. Then, the calycal area in each plane was traced manually in ImageJ with the free Measure Stack plug-in, which rendered the total volume for each stack. The average volume for each condition and time point was entered in Excel to create the graphs. Finally, data series were analyzed for statistical significance in GraphPad Prism using a one-way ANOVA with Tukey's multiple comparison.
Microscopy and image processing
We collected fluorescent images with AxioVision (Zeiss) in an Axio-Observer Z1 microscope (Zeiss) by optical sectioning using ApoTome (structured light microscopy) with 20× NA: 0.7 (air), 40× NA: 1.3 (air) and 63× NA: 1.4 (oil) objectives. Representative single-plane images of antennal lobe local interneurons and mushroom body calyces were extracted from Z-stacks (Figs 3  and 4) . Three-dimensional images were created from Z-stacks using AxioVision rendered in the transparency mode, textured method and color-coded for depth (Fig. 4) . Final images were combined using Adobe Photoshop and processing included brightness/contrast adjustment to whole images for optimal viewing and printing.
Locomotor assay
Flies carrying LacZ alone or Aß42 combined with LacZ, scFv9, scFv42.2 or both anti-Aß scFvs were crossed with the pan-neural driver elav-Gal4 at 25°C, and the progeny was tested daily for their ability to climb with the genotypes blinded to the experimenter as previously described (39) . Briefly, 25-30 newborn adult females were placed in empty vials in duplicates. Every day, flies were forced to the bottom by firmly tapping against the surface. After 8 s, we recorded the number of flies that walked above 5 cm. This was repeated eight times to obtain the average climbing index each day (flies above line/total flies × 100). At the end of the experiment, the climbing index was plotted as a function of age in Excel. Data points are presented as mean values ± standard deviation. As we found no significant differences between replicates by t-test, we averaged them to analyze the different genotypes by a two-way ANOVA with Tukey's posthoc analysis. Significance was established with P-values of ≤0.01. Statistical analyses were performed with GraphPad Prism (Fig. 8) .
Tissue homogenates and western blot
Fly heads to detect Aß42 or whole flies to detect scFv9 and scFv42.2 were homogenized essentially as described (27) . Tricine-SDS loading buffer was added to each sample, followed by Membranes were blocked in Tris-buffered saline-T containing 5% non-fat milk and probed against Aß (1:1000, 6E10, Signet), myc (1:5000, 9E10, Abcam) and ß-Tubulin (1:2 500 000, Sigma) antibodies, followed by HRP-conjugated secondary antibodies at 1:2500. To optimize reactivity of the 6E10 antibody, membranes were boiled for 5 min in PBS. Immunoreactive bands were visualized by enhanced chemiluminescence (ECL, Amersham). Bands were quantified from three (Aß42) or four (scFv) independent experiments, normalized to the tubulin band, and reported as average ± standard deviation. To analyze the statistical significance of the band intensity, we used GraphPad to carry out a t-test.
Co-immunoprecipitation
We generated flies expressing Aβ42 together with LacZ, ScFv9 or scFv42.2 under the control of OK107-Gal4 at 25°C. A total of 40 heads of each genotype or control LacZ alone were homogenized in 30 µl of extraction buffer [1× IP buffer (Invitrogen), 0.15  NaCl, 0.02  MgCl 2 , 1× complete Mini (Roche) and 0.1 m DTT]. The coimmunoprecipitation assay was conducted using the Dynabead co-immunoprecipitation kit (Invitrogen) according to the manufacturer's protocol with minor modifications. Briefly, 1.5 mg of Dynabeads was incubated with 7 µg of Myc or 4G8 antibodies for 14 h at 37°C with rotation. The antibody-coated beads were washed and incubated with extraction buffer containing 0.3% of BSA for 40 min at RT. After washing two additional times, the dynabead-Ab complex was incubated with 330 µl of extraction buffer and 25 µl of protein extract at 4°C for 14 h with gentle rotation. Upon washing, immunoprecipitated proteins were eluted by boiling in NuPAGE LDS sample buffer (Invitrogen) and detected by western blot in a 12% NuPAGE Bis-Tris gel using either the 6E10 anti-Aß42 or the anti-myc antibodies.
ELISA of total Aß42 and Aß42 fractions
To assess total Aß42 levels by ELISA, five groups of fly heads each were homogenized in 50 µl GnHCl extraction buffer [5  guanidinium HCl, 50 m Hepes pH 7.3, protease inhibitor cocktail (Thermo) and 5 m EDTA] and centrifuged at 21 000g for 5 min at 4°C to remove cell debris. The resulting supernatant was analyzed as the total fly Aß42 sample. For preparation of the SDS-soluble fractions, five groups of fly heads each were sequentially extracted with 10 µl of Tris-buffered saline and 10 µl of 2% SDS containing protease inhibitor cocktail. Total Aß42 and 2% SDS fractions were diluted 1:20 and 1:400, respectively, and used for sandwich ELISA as described (40) . Aß42 was captured with mAb 213 (human Aß35-42 specific) and detected by HRP-conjugated mAb Ab9 (40) .
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